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(57) Abstract: A method of forming a composite of embedded nanofibers in a polymer matrix is disclosed. The method includes 
0© incorporating nanofibers in a plastic matrix forming agglomerates, and uniformly distributing the nanofibers by exposing the ag- 
glomerates to hydrodynamic stresses. The hydrodynamic said stresses force the agglomerates to break apart. In combination or 
additionally elongationa] flow is used to achieve small diameters and alignment. A nanofiber reinforced polymer composite system 
is disclosed. The system includes a plurality of nanofibers that are embedded in polymer matrices in micron size fibers. A method 
JZ^ for producing nanotube continuous fibers is disclosed. Nanofibers are fibrils with diameters 100 nm, multiwall nanotubes, single 
wall nanotubes and their various functional ized and derivatized forms. The method includes mixing a nanofiber in a polymer; and 
inducing an orientation of the nanofibers that enables the nanofibers to be used to enhance mechanical, thermal and electrical prop- 
erties. Orientation is induced by high shear mixing and elongationa] flow, singly or in combination. The polymer may be removed 
^ from said nanofibers, leaving micron size fibers of aligned nanofibers. 
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Figure 4. Comparison of two micron size fiber composite diameters. 
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Figure 6. Change in viscosity with increasing shear rate for a 5 wt.% VGCF-PE system. 
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Figure 



Fracture surfaces of tensile test samples showing incomplete and more complete 
fusion of the layers and individual FDM traces. Lower shrinkage of the 
composite material leads to inconsistent fusion of the layers. 
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Fig. Aligned SWNT in PP 1200 
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Figure Z4 ommexcial avenues for nanofiber continuous fibers. 




Figure « ABS SEM micrographs with dispersed and aligned VGCF (10 wt%) 
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Figure yf . Nanofiber dispersion issues where the initial preparation of the nanofibers may 
influence the degree of alignment and dispersion obtained. 

to. 
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Figure Schematic showing a 90°/ 180° orientation of FDM traces in a 
tensile sample. The + indicates the trace is in the direction of 
^ the tensile axis and the arrows indicate the trace is aligned 
perpendicular to the applied load. 
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Figure 3: Representation of nanotube block co-polymers. 
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Figure 4. Nanotube block co-polymers, with two different configurations possible for 
alternating polymer blocks. 
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Figure ft Nanotube graft copolymer with the nanotubes acting as crosslinking agents. 




Figure & Nanotube graft copolymer where only one side of the nanotube can attach to 
the polymer chain. 
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4^ 

Figure ft "Hairy-tube composites". Left side: SWNTs over a substrate, only the exposed 
surface is covered with polymer. Right side: Tips of SWNTs attached to a solid support, 
with the possibility of controlling the length and crosslinking of the polymer chains. 




Figure #: Nanotubes shear oriented and then chemically bonded to the polymer matrix. 
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Figure W. Comparison of a stress-strain curve for (a) a typical epoxy composite 
compared to that for (b) a nanotube composite where significant strength of the nanotube 
is discarded- SWNTs are expected to have a high degree of elongation to failure. 
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Table/?: Parameters used to calculate the properties of SWNT composites by Rule of 
Mixture Calculations based on an ABS polymer as the mnatrix. 



Parameters 


Value 


Source 


SWNT Diameter 


1.4 nm 


A. G. Rinzler, J. Liu, H. Dai, P. 
Nikolaev, C. B. Huffman, F. J. 
Rodnguez-Mactas, P. J. Boul, A. H. Lu, 

D. Heymann, D. T. Colbert, R. S. Lee, J. 

E. Fischer, A. M. Rao, P. C. Ecklund, 
and R. E. Smalley, Appl. Phys. A 67, 29 


SWNT Length 


300 nm 


Per Barrera/Smalley Conversation 


SWNT Rope Diameter 


10 nm 


J. P. Salvetat, G. A. D. Briggs, J. M. 
Bonard, R. R. Basca, A. J. Kulik, T. 
Stockli, N. A. Burnham, and L. Foiro, 
Phys. Rev. Lett. 82, 944 (1999). 


o win i xvope i^engui 


6\ixn 


J. P. Salvetat, G. A. D. Briggs, J. M. 
Bonard, R. R. Basca, A. J. Kulik, T. 
Stockli, N. A. Burnham, and L. Forro, 
Phys. Rev. Lett. 82, 944 (1999). 


SWNT Tensile Strength 


50GPa 


H. D. Wagner, O. Lourie, Y. Feldman, 
and R. Tenne, Appl. Phys. Lett. 72, 188 
(1998). 


owini Kope x ensile otrengtn 


13 GPa 


M. F. Yu, B. S. Files, S. Arepalli, and R. 
S. Ruoff, Phys. Rev. Lett. 84, 5552 
(2000). 


SWNT/ABS Interfacial Strength 


500 MPa 


H. D. Wagner, O. Lourie, Y. Feldman, 
and R. Tenne, Appl. Phys. Lett. 72, 188 
(1998). 


SWNT Rope Shear Strength 


6 MPa 


P. M. Ajayan, L. S. Schadler, C. 
Giannaris, and A. Rubio, Adv. Mat. 12, 
750 (2000). 


SWNT Density 


1.39 g/cm 3 


Calculated 


ABS Density 


1.04 g/cm 3 


Sigma- Aldrich Chemical Company 


ABS Tensile Strength 


22.8 MPa 


Experimentally measured 
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Figure 11. Composite strength vs. the orientation of the SWNTs when considered to be 
fully aligned. Note that initially when all fibers are aligned with the applied load the 
strength of the composite is rather high. As the fibers become misoriented with the load 
(as in the case of an isotropic composite where SWNTs are randomly dispersed), the 
composite strength goes way down due to low shear and normal strength contributions. 
On one hand you might use convential processing to improve the shear and normal 
stresses where as we take the approach to fully integrate and therefore remove defects 
that might also result in the matrix. 
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Table 1. Properties of VGCFs and ABS 
VGCF Properties Polygraph III 



10 

Magnum ABS GMID #31875 

Tensile strength (psi): 5,000 Elongation (%): 50 

Flexural strength (psi): 9,500 Hardness (Shore D): R105 
15 Tensile modulus (psi): 360,000 Softening point (R&B)^): 220 

Flexural modulus (psi): 380,000 Specific gravity (GMS/cm 3 ): 1 .05 
Notched impact (ft ib/in): 2.00 



20 



Table 2. Tensile Data for SWNT/ABS FDM Composites. 

9 

Sample No. Peak Load (lb) Cross sectional area (in ) * Stress (psi) Strain to break 
25 (%) Modulus (kpsi) 

1 40.2 0.0178 2260 1.7 118 

2 49.2 0.0171 2876 1.7 179 

3 45 0.0178 2540 1.7 160 

4 57.2 0.0192 2978 1.7 204 
30 5 50 0.0187 2719 1.7 136 

♦Stress values are based on measured starting areas and not on actual tests areas due to 
incomplete fusion. 
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